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SUMMARY 

Modern h igh-speed p r o p e l l e r  (advanced t u r b o p r o p )  a i r c r a f t  a r e  expec ted  t o  
o p e r a t e  on  50 t o  60 p e r c e n t  l e s s  f u e l  t h a n  t h e  1980 v i n t a g e  t u r b o f a n  f l e e t  
w h i l e  a t  t h e  same t i m e  match ing  t h e  f l i g h t  speed and pe r fo rmance  o f  t h o s e  a i r -  
c r a f t .  C o u n t e r r o t a t i o n  t u r b o p r o p  eng ines  o f f e r  a d d i t i o n a l  f u e l  s a v i n g s  b y  
means o f  ups t ream p r o p e l l e r  s w i r l  r e c o v e r y .  T h i s  paper  p r e s e n t s  a c o u s t i c  s i d e -  
l i n e  r e s u l t s  fo r  a f u l l - s c a l e  c o u n t e r r o t a t i o n  t u r b o p r o p  e n g i n e  a t  c r u i s e  c o n d i -  
t i o n s .  The eng ine  was i n s t a l l e d  on  a Boe ing  727 a i r c r a f t  i n  p l a c e  o f  t h e  
r i g h t - s i d e  t u r b o f a n  eng ine .  A c o u s t i c  d a t a  were t a k e n  from an i n s t r u m e n t e d  

2 L e a r j e t  chase p l a n e .  S i d e l i n e  a c o u s t i c  r e s u l t s  a r e  p r e s e n t e d  f o r  0.50 and 

i n  a w ind  t u n n e l  a t  0.72 Mach c r u i s e  c o n d i t i o n s .  The model d a t a  were a d j u s t e d  
t o  f l i g h t  a c q u i s i t i o n  c o n d i t i o n s  and were i n  g e n e r a l  agreement  w i t h  t h e  f l i g h t  
r e s u l t s .  

I 0.72 Mach c r u i s e  c o n d i t i o n s .  A s c a l e  model of t h e  eng ine  p r o p e l l e r  was t e s t e d  e- 
w 

INTRODUCTION 

Modern h igh-speed p r o p e l l e r  (advanced t u r b o p r o p )  a i r c r a f t  a r e  expec ted  t o  
o p e r a t e  on  50 t o  60 p e r c e n t  l e s s  f u e l  t h a n  t h e  1980 v i n t a g e  t u r b o f a n  f l e e t  
w h i l e  a t  t h e  same t i m e  m a t c h i n g  t h e  f l i g h t  speed and pe r fo rmance  o f  t h o s e  t u r -  
b o f a n  eng ines  ( r e f .  1 ) .  C o u n t e r r o t a t i o n  p r o p e l l e r s  may o f f e r  from 8 t o  10 p e r -  
c e n t  o f  a d d i t i o n a l  f u e l  sav ings  o v e r  s i m i l a r  s i n g l e - r o t a t i o n  p r o p e l l e r s  a t  
c r u i s e  c o n d i t i o n s .  There i s  c o n s i d e r a b l e  concern ,  however, abou t  t h e  po ten -  
t i a l  n o i s e  g e n e r a t e d  by such a i r c r a f t ,  i n c l u d i n g  b o t h  i n - f l i g h t  c a b i n  n o i s e  
and community n o i s e  d u r i n g  t a k e o f f s  and l a n d i n g s .  En rou te  n o i s e  has o n l y  
r e c e n t l y  been r a i s e d  as a p o t e n t i a l  conce rn .  The d a t a  i n  t h i s  r e p o r t  p r o v i d e  
a measure o f  source  l e v e l s  from wh ich  e n r o u t e  p r o j e c t i o n s  can be made. 

T h i s  r e p o r t  p r e s e n t s  t h e  a c o u s t i c  t e s t  r e s u l t s  f o r  a f u l l - s c a l e  c o u n t e r -  
r o t a t i o n  t u r b o p r o p  demons t ra to r  e n g i n e  i n s t a l l e d  on  a Boe ing  727 a i r c r a f t  i n  
p l a c e  o f  t h e  r i g h t - s i d e  t u r b o f a n  eng ine  ( r e f .  2 )  as shown i n  f i g u r e  1 .  
S e l e c t e d  r e s u l t s  from t h i s  s t u d y  were a l s o  p r e s e n t e d  i n  r e f e r e n c e  3 .  S i d e l i n e  
a c o u s t i c  d a t a  were a c q u i r e d  from a L e a r j e t  chase p l a n e  t h a t  was i n s t r u m e n t e d  
w i t h  f lush-mounted nose and w i n g t i p  mic rophones.  
47.2-m ( 1 5 5 - f t )  s i d e l i n e  a t  s e v e r a l  e n g i n e  o p e r a t i n g  c o n d i t i o n s  a t  0 .50  and 
0.72 Mach numbers. S e l e c t e d  d a t a  a r e  a l s o  compared w i t h  r e s u l t s  from t h e  t e s t  
t h a t  was r u n  i n  t h e  NASA 8- by  6-Foot  Wind Tunnel w i t h  a s c a l e  model o f  t h e  
c o u n t e r r o t a t i o n  p r o p e l l e r .  

Da ta  a r e  p r e s e n t e d  for a 
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APPARATUS AND PROCEDURE 

T h i s  f l i g h t  t e s t  was p a r t  o f  t h e  Genera l  E l e c t r i c  Company's p rogram t o  
deve lop  t h e i r  unduc ted  f a n  (UDF) c o u n t e r r o t a t i o n  t u r b o p r o p  eng ine .  The p r o p e l -  
l e r  has e i g h t  f o r w a r d  and e i g h t  a f t  b l a d e s .  
3.57 m (11.7 f t ) ,  w h i l e  t h e  a f t  p r o p e l l e r  d i a m e t e r  was reduced by  10 cm ( 4  i n . )  
from t h i s  v a l u e  f o r  aeromechan ica l  c o n s i d e r a t i o n s .  

The f o r w a r d  p r o p e l l e r  d i a m e t e r  i s  

Tab1 e 
t h i s  r e p o r t  

a t  a nomina 
ang les  were 
between t h e  
t h e  c l e a n  c 

(21  4 0 0 - f t )  

p r e s e n t s  t h e  f l i g h t  t e s t  c o n d i t i o n s  f o r  t h e  t e s t s  d i s c u s s e d  i n  
One t e s t ,  d e s i g n a t e d  f l i g h t  c o n d i t i o n  3 .1 ,  was f l o w n  a t  a 6523-m 

a l t i t u d e  and 0 .50  Mach, and t h e  r e m a i n i n g  f o u r  t e s t s  were pe r fo rmed  
10 688-111 ( 3 5  0 0 0 - f t )  a l t i t u d e  and 0.72 Mach. The p r o p e l l e r  b l a d e  

a u t o m a t i c a l l y  c o n t r o l l e d  i n  o r d e r  t o  a c h i e v e  an equa l  t o r q u e  s p l i t  
two p r o p e l l e r s .  These p r o p e l l e r  b l a d e  a n g l e s  were n e a r l y  equa l  f o r  
n f i g u r a t i o n  w ind  t u n n e l  t e s t s  and were a l s o  a d j u s t e d  f o r  an equa l  . .  . .  . - . . ^ ^  . .  . .  - 

t o r q u e  s p l i t .  However, t h e r e  was a c o n s i d e r a b l e  d l t t e r e n c e  between t h e  t o r e  
2 n d  a f t  h l a r l n  a n n l n c  Rt- and R A  f n r  t h o  i n c t a l l ~ d  pnflino T h i c  difforpnra 
i n  blade-setting-angles'may be due t o  p o s s i b l e  asymmet r i ca l  i n f l o w  t o  t h e  UDF 
eng ine  i n s t a l l e d  on  t h e  727 a i r c r a f t .  

t o t a l  power d e n s i t y ,  PQAT, wh ich  i s  t h e  power c o e f f i c i e n t  based o n  t h e  annu lus  
a r e a  o f  t h e  f o r w a r d  ro to r .  PQAT i s  d e f i n e d  as 

Bo th  t h e  model and f u l l - s c a l e  p r o p e l l e r  power s e t t i n g s  a r e  exp ressed  as 

T o t a l  power 

( p > ( r e v l s e c >  ( D )  ( a n n u l u s  a r e a )  3 3  

where p i s  t h e  l o c a l  a i r  d e n s i t y  and D i s  t h e  f o r w a r d  ro tor  d i a m e t e r .  R e f -  
e rence 4 p r e s e n t s  aerodynamic r e s u l t s  f o r  t h e  model p r o p e l l e r .  

A c o u s t i c  d a t a  were a c q u i r e d  w i t h  t h e  NASA Lewis  L e a r j e t .  F i g u r e  2 i s  a 
pho tog raph  o f  t h e  727 a i r c r a f t  i n  f l i g h t  t a k e n  from t h e  L e a r j e t .  The L e a r j e t  
was i n s t r u m e n t e d  w i t h  two nose and two w i n g t i p  mic rophones f l u s h  mounted on  t h e  
l e f t  s i d e  o f  t h e  a i r c r a f t .  A c o u s t i c  and o p t i c a l  i n s t r u m e n t a t i o n  d e s c r i b e d  i n  
r e f e r e n c e  5 were a l s o  employed i n  t h e  t e s t s .  The a c o u s t i c  s i g n a l s  were moni- 
t o r e d  f o r  d a t a  q u a l i t y  and r e c o r d e d  o n  magne t i c  t a p e  aboard  t h e  a i r c r a f t  f o r  
l a t e r  a n a l y s i s .  The a c o u s t i c  s p e c t r a  o f  t h e  L e a r j e t  eng ine  n o i s e  were s u f f i -  
c i e n t l y  d i f f e r e n t  from t h o s e  o f  t h e  p r o p e l l e r  t o  p r e v e n t  s i g n i f i c a n t  d a t a  con- 
t a m i n a t i o n .  However, boundary - laye r  n o i s e  on t h e  mic rophones g e n e r a t e d  an 
e s s e n t i a l l y  f l a t  broadband l e v e l  of a b o u t  95 dB for  a 3-Hz bandw id th  o v e r  a 
0- t o  1200-Hz f r e q u e n c y  r a n g e .  

F i g u r e s  3 t o  5 a r e  pho tog raphs  of t h e  L e a r j e t  m ic rophone i n s t a l l a t i o n s .  
F i g u r e  3 shows t h e  w i n g t i p  r e g i o n  o f  t h e  L e a r j e t ;  f i g u r e  4 shows t h e  l o c a t i o n  
of t h e  nose mic rophone.  F i g u r e  5 i s  a close v i e w  o f  t h e  mic rophone moun t ing  
p l a t e  on  t h e  L e a r j e t  w i n g t i p .  Da ta  p r e s e n t e d  i n  t h i s  paper  a r e  t a k e n  p r i m a r i l y  
a t  t h e  w i n g t i p  mic rophone l o c a t i o n .  D i r e c t i v i t y  r e s u l t s  f o r  t h e  nose m i c r o -  
phone were o f t e n  i n c o n s i s t e n t  w i t h  b o t h  t h e  w ing t i p -measured  d i r e c t i v i t i e s  and 
w i t h  p r e v i o u s l y  measured d i r e c t i v i t i e s  f o r  s i m i l a r  model t u r b o p r o p s  t e s t e d  
a c o u s t i c a l l y  i n  a w ind  t u n n e l  env i ronmen t .  

F i g u r e  6 i s  a s k e t c h  showing t h e  s i d e l i n e  p o s i t i o n i n g  o f  t h e  two a i r c r a f t  
f o r  s i d e l i n e  a c o u s t i c  d a t a  a c q u i s i t i o n .  Da ta  were t a k e n  f o r  60°, 90°, and 
120° r e l a t i v e  t o  t h e  eng ine  ups t ream a x i s  f o r  a l l  f l i g h t  c o n d i t i o n s .  T h i r t y -  
degree d a t a  were t a k e n  f o r  two o f  t h e  f l i g h t  c o n d i t i o n s ;  however ,  f l y i n g  i n  
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t h i s  p o s i t i o n  made i t  d i f f i c u l t  t o  obse rve  t h e  727 a i r c r a f t  from t h e  L e a r j e t .  
The measured d a t a  were a d j u s t e d  f o r  s p h e r i c a l  s p r e a d i n g  t o  a nomina l  s i d e l i n e  
d i s t a n c e  o f  47.2 m (155 f t)  between t h e  UDF eng ine  a x i s  and t h e  L e a r j e t  wing-  
t i p .  Most o f  t h e  d a t a  p o i n t s  were a c t u a l l y  t a k e n  c l o s e  t o  t h i s  s i d e l i n e  
separa  t i on.  

Because o f  c o n v e c t i v e  f low e f f e c t s ,  t h e  d a t a  a n g l e s  p r e s e n t e d  i n  t h i s  
paper  a r e  for  "obse rved"  ang les  t o  t h e  t u r b o p r o p  r a t h e r  t h a n  b e i n g  c o r r e c t e d  
t o  "emiss ion "  a n g l e s .  F i g u r e  7 shows t h e  r e l a t i o n s h i p  between t h e  obse rved  
and e m i s s i o n  a n g l e s .  These d i f f e r e n c e s  can be s i g n i f i c a n t .  For example,  t h e  
obse rved  ang les  o f  60°, 90°, and 120" a t  0 .72  Mach co r respond ,  r e s p e c t i v e l y ,  
t o  e m i s s i o n  ang les  o f  21°, 44O, and 81". A t  0.50 Mach, t h e s e  obse rved  a n g l e s  
co r respond  t o  e m i s s i o n  a n g l e s  of 34O, 60°, and 94". 

Microphone s i d e l i n e  l o c a t i o n s  were de te rm ined  by  v i s u a l  and p h o t o g r a p h i c  
methods. A camera system mounted i n  t h e  L e a r j e t  c a b i n  was aimed a t  a t a r g e t  
l o c a t i o n  on t h e  727 a i r c r a f t .  The s i d e l i n e  a n g l e  was d e t e r m i n e d  from a p r o -  
t r a c t o r  d e v i c e  a t t a c h e d  t o  t h e  camera mount .  The s i d e l i n e  d i s t a n c e  was d e t e r -  
mined by  image-s ize  s c a l i n g  of t h e  i n - f l i g h t  pho tog raphs  r e l a t i v e  t o  s i m i l a r  
photographs  t a k e n  d u r i n g  s t a t i c  g round c a l i b r a t i o n s  when t h e  two a i r c r a f t  were 
pa rked  i n  t h e  d e s i r e d  r e l a t i v e  p o s i t i o n s .  The L e a r j e t  p i l o t s  used a s i m p l e  
o p t i c a l  compara tor  t o  e s t a b l i s h  r o u g h l y  t h e  s i d e l i n e  d i s t a n c e  d u r i n g  f l i g h t .  
The a c q u i r e d  a c o u s t i c  d a t a  w e r e  t h e n  a d j u s t e d  f o r  s p h e r i c a l  d i v e r g e n c e  t o  a 
t r u e  47.2-111 ( 1 5 5 - f t )  s i d e l i n e ,  wh ich  was t h e  average s e p a r a t i o n  d i s t a n c e .  
Tab le  I1 p r e s e n t s  t h e  d a t a  a c q u i s i t i o n  p o s i t i o n s  f o r  t h e  f i v e  f l i g h t  c o n d i -  
t i o n s ,  and shows t h e  d e c i b e l  c o r r e c t i o n s  t h a t  were a p p l i e d  t o  t h e  a c o u s t i c  
d a t a  f o r  c o r r e c t i o n  t o  t h e  47.2-111 s i d e l i n e .  Tab le  I11 l i s t s  t h e  t u r b o p r o p  
tone  l e v e l s  f o r  each o f  t h e  d a t a  p o s i t i o n s .  

RESULTS AND DISCUSSION 

Sound P r e s s u r e  Leve l  S p e c t r a  

The sound p r e s s u r e  l e v e l  (SPL) s p e c t r a  f o r  a c o u n t e r r o t a t i o n  p r o p e l l e r  
a r e  c o n s i d e r a b l y  more complex t h a n  t h o s e  f o r  a s i n g l e - r o t a t i o n  p r o p e l l e r .  The 
rotor-alone tones are present at each tone order ( B P F ,  2BPF. etc.). In addi- 
t i o n ,  t h e  h i g h e r - o r d e r  tones  (2BPF and above)  c o n t a i n  ro to r  i n t e r a c t i o n  t o n e s .  
F i g u r e  8 shows t y p i c a l  SPL s p e c t r a  f o r  t h e  c o u n t e r r o t a t i o n  p r o p e l l e r  o p e r a t i n g  
a t  equa l  f o r e  and a f t  r o t a t i o n a l  speed. S i n c e  b o t h  ro tors  c o n t a i n  e i g h t  
b l a d e s ,  t h e  e n t i r e  t o n e  energy  i s  c o n c e n t r a t e d  i n  s i n g l e  s p i k e s  a t  m u l t i p l e s  
of t h e  b lade-passage f r e q u e n c y .  

Most o f  t h e  d a t a  were t a k e n  w i t h  a sma l l  d i f f e r e n c e  i n  t h e  two ro to rs '  
r o t a t i o n a l  speed (see t a b l e  I ) .  F i g u r e  9 shows t y p i c a l  SPL s p e c t r a  f o r  t h i s  
o p e r a t i n g  c o n d i t i o n .  The 1-Hz bandw id th  a l l o w e d  f o r  a s e p a r a t i o n  of t h e  fore 
and a f t  r o t o r - a l o n e  t o n e s .  Also, t h e  f irst i n t e r a c t i o n  t o n e ,  BPFF+BPFA, i s  
seen a t  2BPF. S h a f t - o r d e r  tones  a r e  seen be low t h e  b lade-passage f requency .  
One of t h e  L e a r j e t  eng ine  compressor  tones  appears  j u s t  above 2BPF. 

The SPL d i r e c t i v i t y  r e s u l t s  i n  t h i s  r e p o r t  were t a k e n  from s p e c t r a  w i t h  
16- and 1-Hz bandw id ths .  The c o a r s e r  16-Hz bandw id th  d i d  n o t  s e p a r a t e  t h e  com- 
ponents  o f  t h e  t o n e  o r d e r s ,  even w i t h  t h e  sma l l  rpm d i f f e r e n c e .  The 1-Hz band- 
w i d t h  a l l o w e d  f o r  t o n e  s e p a r a t i o n  a t  BPF and 2BPF w i t h  a nomina l  40-rpm ro to r  
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speed d i f f e r e n c e ,  t hus  p r o v i d i n g  a more d e t a i l e d  a n a l y s i s  o f  t h e  t o n e  genera-  
t i o n  mechanisms. Tab le  I11 i s  a t a b u l a t i o n  o f  t h e s e  a c o u s t i c  t one  l e v e l s  from 
t h e  16- and 1-Hz bandwid th  s p e c t r a .  

S i d e l i n e  D i r e c t i v i t i e s  

F i g u r e  10 shows t h e  s i d e l i n e  d i r e c t i v i t i e s  f o r  t h e  f i r s t  f o u r  t o n e  o r d e r s  
a t  0.50 Mach ( c o n d i t i o n  3 . 1 ) .  Ro to r -a lone  tones  were n o t  separa ted  i n  t h i s  
f i g u r e  because o f  b o t h  t h e  16-Hz bandw id th  and t h e  e s s e n t i a l l y  same f o r e  and 
a f t  ro to r  r o t a t i o n a l  speed. They t y p i c a l l y  show a maximum l e v e l  n e a r  t h e  p r o -  
p e l l e r  p l a n e ,  i n  c o n t r a s t  t o  t h e  i n t e r a c t i o n  tones  t h a t  o f t e n  have h i g h  l e v e l s  
away from t h i s  l o c a t i o n .  The r o t o r - a l o n e  fundamenta l  ( B P F )  t ones  show t h e  
h i g h e s t  l e v e l s  a t  a l l  b u t  t h e  f o r w a r d  26O l o c a t i o n .  The r e m a i n i n g  tone  o r d e r s  
( 2  t o  4BPF)  i n  t h i s  f i g u r e  c o n t a i n  i n t e r a c t i o n  tones  and do show r e l a t i v e l y  
h i g h  l e v e l s  a t  t h e  f o r w a r d  a n g l e s .  S i d e l i n e  d a t a  a t  p o i n t s  a p p r o a c h i n g  30" 
were d i f f i c u l t  t o  o b t a i n  because o f  awkward s i g h t i n g  ang les  from t h e  L e a r j e t  
and t h e  d i f f i c u l t i e s  o f  f o r m a t i o n  f l i g h t .  

F i g u r e  1 1  shows a compar ison o f  t h e  f l y b y  and s t a t i o n - k e e p i n g  d i r e c t i v i -  
t i e s  a t  0.72 Mach ( c o n d i t i o n  5 . 1 ) .  F l y b y  d a t a  w e r e  o n l y  t a k e n  a t  c o n d i -  
t i o n  5.1. 
t h e  727 a i r c r a f t  on  a p a r a l l e l  cou rse .  
a r e  a p p r o x i m a t i o n s  based on a n g u l a r  r e f e r e n c e  p o i n t s  c a l l e d  out by  L e a r j e t  
p i l o t s  from hand-held s i g h t i n g s .  
f o r  l a t e r  a n a l y s i s .  
d u r i n g  t h e  f l y b y .  

The f l y b y  d a t a  were t a k e n  c o n t i n u o u s l y  as t h e  L e a r j e t  slowly passed 
The s i d e l i n e  ang les  f o r  t h e  f l y b y  d a t a  

These p o i n t s  were r e c o r d e d  on  t h e  d a t a  t a p e  
I t  was n o t  p o s s i b l e  t o  t a k e  camera r e f e r e n c e  pho tog raphs  

The f l y b y  d a t a  were reduced  a t  a 3-Hz bandw id th .  

F l y b y  d i r e c t i v i t y  t r a c e s  a r e  shown i n  f i g u r e  1 1  for b o t h  t h e  w i n g t i p  
and nose mic rophones.  
( t a b l e  111, 16-Hz bandw id th )  a r e  a l s o  shown i n  t h i s  f i g u r e .  A s  was p r e v i o u s l y  
ment ioned,  t h e r e  was concern  t h a t  t h e  d i r e c t i v i t i e s  measured by  t h e  nose m i c r o -  
phone were n o t  t y p i c a l  for t u r b o p r o p s .  These d a t a ,  t h e r e f o r e ,  a r e  s u s p e c t .  
The r e s u l t s  as shown f o r  t h e  w i n g t i p  and nose mic rophones a r e  i n  f a i r l y  good 
agreement a t  s i d e l i n e  a n g l e s  above 70". A t  l o w e r  a n g l e s ,  however ,  t h e  nose 
mic rophone r e s u l t s  a r e  s i g n i f i c a n t l y  be low t h o s e  f o r  t h e  w i n g t i p  m ic rophone .  
The BPF t o n e  f o r  t h e  nose mic rophone a t  t h e  34O s t a t i o n - k e e p i n g  p o s i t i o n  c o u l d  
n o t  be separa ted  i n  t h e  a c o u s t i c  s p e c t r a .  
f o r  t h e  nose microphone was s i g n i f i c a n t l y  be low t h a t  f o r  t h e  w i n g t i p  mic rophone 
a t  t h i s  s i d e l i n e  a n g l e .  

Cor respond ing  d a t a  f o r  t h e  s t a t i o n - k e e p i n g  p o i n t s  

T h i s  i n d i c a t e d  t h a t  t h e  t o n e  l e v e l  

The reason  f o r  t h i s  a p p a r e n t  d i s c r e p a n c y  between t h e  r e s u l t s  f o r  t h e  wing-  
t i p  and nose microphones i s  n o t  i m m e d i a t e l y  c l e a r .  
d i r e c t i v i t i e s  f o r  b o t h  t h e  nose and w i n g t i p  mic rophones i n  f i g u r e  1 1  sugges ts  
t h a t  t h e r e  may be some r e f l e c t i o n s  from t h e  727 a i r c r a f t  and p o s s i b l y  from t h e  
L e a r j e t  s t r u c t u r e  as w e l l .  
i t y  i s  expec ted  t o  show a smooth peak w i t h o u t  a l l  t h e  secondary  u n d u l a t i o n s  
observed i n  t h e  p r e s e n t  f l y b y  d i r e c t i v i t y .  
t h e  a c o u s t i c  s i g n a l  ( a b o u t  1 .7  m ( 5 . 5  f t )  a t  299-Hz BPF)  wou ld  t e n d  t o  d i s -  
coun t  r e f l e c t i o n s  from t h e  L e a r j e t  s t r u c t u r e .  The l o c a t i o n  o f  t h e  w i n g t i p  
microphone on t h e  L e a r j e t  i s  more f a v o r a b l e  t h a n  t h a t  o f  t h e  nose mic rophone 
because i t  i s  midway on a c y l i n d r i c a l  s u r f a c e  w i t h  e s t a b l i s h e d  boundary  l a y e r s .  
Also, t h e  w i n g t i p  i s  s h i e l d e d  from r e f l e c t i o n s  by  a d j a c e n t  L e a r j e t  s t r u c t u r e  
and i s  a l s o  c l o s e r  t o  t h e  n o i s e  sou rce .  I n  c o n t r a s t ,  t h e  nose mic rophones a r e  
l o c a t e d  on  an a i r c r a f t  s u r f a c e  whose c u r v a t u r e  i s  chang ing ,  b u t  a t  a p o i n t  

The shape o f  t h e  f l y b y  

Tha t  i s ,  t h e  f i r s t - o r d e r  r o t o r - a l o n e  t o n e  d i r e c t i v -  

The r e l a t i v e l y  l o n g  wave leng th  o f  

4 



where t h e  d i a m e t e r  i s  r o u g h l y  equa l  t o  t h a t  o f  t h e  w i n g t i p  t a n k .  Boundary-  
l a y e r  r e f r a c t i o n  may a l s o  a f f e c t  t h e  d a t a  q u a l i t y .  
abou t  t h e  nose mic rophone d a t a ,  t h e  d i r e c t i v i t y  r e s u l t s  i n  t h i s  r e p o r t  w i l l  be 
p r e s e n t e d  f o r  t h e  w i n g t i p  mic rophone.  However, t h e  i n f o r m a t i o n  i n  t a b l e  I11 
w i l l  a l l o w  t h e  r e a d e r  t o  c o n s t r u c t  d i r e c t i v i t i e s  w i t h  t h e  r e s u l t s  from b o t h  
mic rophones.  

Because o f  t h e s e  concerns  

F i g u r e s  12 t o  16 p r e s e n t  t h e  s i d e l i n e  d i r e c t i v i t i e s  f o r  t h e  nomina l  
0 .72  Mach f l i g h t  t e s t s .  The two ro to rs  were r u n  a t  abou t  a 40-rpm speed d i f -  
f e r e n c e ,  mak ing  i t  p o s s i b l e  t o  separa te  t h e  tone  components w i t h  l -Hz bandw id th  
s p e c t r a .  ( A l t e r n a t e l y ,  unequal  ro to r  b l a d e  numbers wou ld  f a c i l i t a t e  s e p a r a t i o n  
o f  t h e  tone  components. )  R e s u l t s  a r e  p r e s e n t e d  for each o f  t h e  f l i g h t  c o n d i -  
t i o n s  f o r  b o t h  16-Hz bandw id th  s p e c t r a  w i t h  no tone -o rde r  s e p a r a t i o n ,  and f o r  
l -Hz  s p e c t r a  t h a t  a l l o w e d  for s e p a r a t i o n  of t h e  f i r s t -  and second-order  t o n e  
components. 

F i g u r e  12 shows t h e  s i d e l i n e  d i r e c t i v i t i e s  measured f o r  c o n d i t i o n  5 .10 ,  
wh ich  had a PQAT v a l u e  o f  2.99 ( t a b l e  I ) .  F i g u r e  12 (a>  shows t h e  d i r e c t i v i -  
t i e s  f o r  t h e  f irst f o u r  tone  o r d e r s  w i t h  no  tone  component s e p a r a t i o n  ( i . e . ,  
16-Hz bandw id th  a n a l y s i s ) .  The tone  l e v e l s  peak near  90°, w h i l e  t h e  f o r w a r d  
ro to r  BPF tone  i n c r e a s e s  toward  t h e  a f t  a n g l e s .  The c o r r e s p o n d i n g  t r e n d  f o r  
t h e  2BPF f o r w a r d  r o t o r - a l o n e  t o n e  i s  r e v e r s e d ,  w i t h  t h e  h i g h e s t  l e v e l  a t  59O. 
T h i s  r e s u l t  f o r  t h e  f i r s t - o r d e r  r o t o r - a l o n e  tones  c o n t r a s t s  w i t h  what has been 
g e n e r a l l y  obse rved  f o r  c o u n t e r r o t a t i o n  t u r b o p r o p s .  Tha t  i s ,  t h e  f o r w a r d  
r o t o r - a l o n e  tone  u s u a l l y  peaks ups t ream o f  t h e  c o r r e s p o n d i n g  a f t  r o t o r - a l o n e  
tone ,  w i t h  s i m i l a r  t r e n d s  f o r  h i g h e r - o r d e r  r o t o r - a l o n e  t o n e s .  

The f i rs t  i n t e r a c t i o n  tone  i n  f i g u r e  12 (b>  (1-Hz bandw id th  a n a l y s i s )  i s  
abou t  6 dB l o w e r  t h a n  t h e  2BPF a f t  r o t o r - a l o n e  t o n e .  T h i s  i s  c o n s i s t e n t  w i t h  
p u b l i s h e d  model c o u n t e r r o t a t i o n  t u r b o p r o p  r e s u l t s  showing t h a t ,  r e l a t i v e  t o  
r o t o r - a l o n e  tones ,  i n t e r a c t i o n  tones  a r e  c o n s i d e r a b l y  h i g h e r  a t  t a k e o f f  c o n d i -  
t i o n s  t h a n  a t  c r u i s e  ( r e f s .  6 and 7 ) .  

F i g u r e  13 shows t h e  d i r e c t i v i t i e s  f o r  c o n d i t i o n  5 .8 ,  wh ich  had a PQAT 
v a l u e  o f  3 . 0 5 .  The d i r e c t i v i t i e s  from t h e  16-Hz bandw id th  s p e c t r a  ( f i g .  1 3 ( a > >  
a r e  q u i t e  s i m i l a r  t o  those  o f  c o n d i t i o n  5 .10  ( f i g .  1 2 ( a > > .  However, t h e  ro tor -  
a l o n e  tone d i r e c t i v i t i e s  a t  bo th  BPF and 2BPF ( f i g .  13(b>> show t h a t  t h e  fo r -  
ward ro to r  tends  t o  have a peak r o t o r - a l o n e  tone  somewhat a f t  o f  t h e  a f t  
r o t o r .  These same d a t a  t r e n d s  a r e  e v i d e n t  fo r  t h e  c o n d i t i o n  5.9 d i r e c t i v i t i e s  
(PQAT = 3 .14)  shown i n  f i g u r e  14. T h i s  tendency  f o r  t h e  a f t  r o t o r - a l o n e  t o n e  
t o  peak ups t ream o f  t h e  f o r w a r d  r o t o r - a l o n e  t o n e  f o r  t h e  f u l l - s c a l e  e n g i n e  d a t a  
c o n t r a s t s  w i t h  o t h e r  p u b l i s h e d  c o u n t e r r o t a t i o n  p r o p e l l e r  d i r e c t i v i t i e s .  
p r o p e l l e r  r e s u l t s  a t  c r u i s e  c o n d i t i o n s  ( f o r  example, see r e f .  6) have a lways  
shown t h e  f o r w a r d  r o t o r - a l o n e  tones  t o  peak ups t ream o f  t h e  c o r r e s p o n d i n g  a f t  
r o t o r - a l o n e  tones .  The reason  f o r  t h i s  d i s c r e p a n c y  between t h e  f u l l - s c a l e  and 
model d i r e c t i v i t i e s  i s  n o t  known. 

Model 

F i g u r e  15 p r e s e n t s  t h e  s i d e l i n e  d i r e c t i v i t i e s  f o r  c o n d i t i o n  5 .1 ,  w h i c h  
had a PQAT v a l u e  o f  4.24 w i t h  t h e  a i r c r a f t  a t  c r u i s e  c o n d i t i o n s  o f  0 .72  Mach 
a t  a 10 6 8 8 4  ( 3 5  000-f t )  a l t i t u d e .  The UDF eng ine  was a t  a 100-percent  power 
s e t t i n g  a t  t h i s  o p e r a t i n g  c o n d i t i o n .  The 16-Hz bandw id th  ( f i g .  1 5 ( a ) >  a g a i n  
shows t h a t  t h e  f i r s t - o r d e r  r o t o r - a l o n e  tones  dominate  t h e  d i r e c t i v i t y .  The 
l -Hz  bandw id th  d i r e c t i v i t i e s  ( f i g .  1 5 ( b > > ,  wh ich  a l l o w e d  s e p a r a t i o n  o f  t h e  
f o r e  and a f t  r o t o r - a l o n e  tones ,  show b o t h  o f  these  tones  p e a k i n g  near  90°. 
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Comparison Wi th  Wind Tunnel R e s u l t s  

A 62.2-cm ( 2 4 . 5 - i n . )  d i a m e t e r  model o f  t h e  e n g i n e  p r o p e l l e r  was a c o u s t i -  
c a l l y  t e s t e d  e a r l i e r  i n  t h e  NASA Lewis 8- by  6-Foot  Wind Tunnel ( f i g .  1 6 ) .  
f i g u r e  17 shows d e t a i l s  o f  t h e  model p r o p e l l e r  i n s t a l l a t i o n  i n  t h i s  w ind  t u n -  
n e l .  S i d e l i n e  d i r e c t i v i t y  d a t a  were a c q u i r e d  from microphones f l u s h  mounted 
on  a f l a t  p l a t e  t h a t  was lowered  from t h e  t u n n e l  c e i l i n g .  Da ta  f o r  a t e s t  con- 
d i t i o n  t h a t  app rox ima ted  t h e  0.72-Mach eng ine  c o n d i t i o n s  were s e l e c t e d  f o r  t h i s  
compar ison .  The w ind  t u n n e l  r e s u l t s  were a d j u s t e d  t o  "as measured" c o n d i t i o n s  
e q u i v a l e n t  t o  t h e  f l i g h t  d a t a .  These a d j u s t m e n t s  i n c l u d e d  c o r r e c t i o n s  f o r  
p r e s s u r e  a l t i t u d e ,  p r o p e l l e r  s i z e ,  and d i s t a n c e  ( r e f .  8 ) .  The w ind  t u n n e l  d a t a  
were a l s o  a d j u s t e d  ( f i g .  3 )  for expec ted  n o i s e  i n c r e a s e  above f r e e  f i e l d  due t o  
t h e  presence o f  t h e  L e a r j e t  t i p  t a n k  w a l l  i n  wh ich  t h e  mic rophone was mounted 
( r e f .  9 ) .  The c o r r e c t i o n  f o r  measurement on  t h e  a p p r o x i m a t e l y  0.6-m ( 2 - f t )  
d i a m e t e r  L e a r j e t  w i n g t i p  t a n k  was 5 dB above f r e e  f i e l d  f o r  t h e  fundamenta l  
r o t o r - a l o n e  t o n e .  

I n  f i g u r e  18, t h e  w ind  t u n n e l  a c o u s t i c  fundamenta l  t o n e  l e v e l ,  a d j u s t e d  t o  
t h e  a i r c r a f t  f l i g h t  c o n d i t i o n s ,  i s  p l o t t e d  a g a i n s t  t h e  obse rved  s i d e l i n e  a n g l e .  
A lso shown a r e  t h e  c o r r e s p o n d i n g  f l i g h t  t e s t  d a t a  for f o u r  UDF p r o p e l l e r  ope r -  
a t i n g  c o n d i t i o n s  a t  a nominal  0.72 Mach. There i s  g e n e r a l  agreement between 
t h e  w ind  t u n n e l  and f u l l - s c a l e  eng ine  r e s u l t s .  There a r e ,  however, a number 
o f  d i f f e r e n c e s  i n  t h e  p r o p e l l e r  o p e r a t i n g  c o n d i t i o n s  t h a t  m e r i t  f u r t h e r  d i s c u s -  
s i o n .  The eng ine  r e s u l t s  a r e  shown f o r  PQAT v a l u e s  of 2.99,  3 .05 ,  3.14, and 
4.24; t h e  model d a t a  a r e  f o r  a 4.21 PQAT v a l u e .  Tone l e v e l s  for t h e  e n g i n e  
o p e r a t i n g  a t  PQAT = 4 .24  (100 p e r c e n t  power) wou ld  be expec ted  t o  be somewhat 
h i g h e r  t h a n  those  f o r  lower  e n g i n e  power s e t t i n g s .  However, as seen i n  f i g -  
u r e  18, t o n e  l e v e l s  a s s o c i a t e d  w i th  f u l l - p o w e r  o p e r a t i o n  were a c t u a l l y  l o w e r  
t h a n  those  a t  l o w e r  power s e t t i n g s .  The reason  for t h i s  unexpected  r e s u l t  
remains  unknown. 

mod e 
two 

A s  p r e v i o u s l y  ment ioned,  t h e  b l a d e - s e t t i n g  a n g l e s  o f  t h e  f u l l - s c a l e  and 
' 1  p r o p e l l e r s  were a d j u s t e d  for  a p p r o x i m a t e l y  equa l  t o r q u e  s p l i t  between t h e  
b l a d e  rows. The equa l  t o r q u e  c o n d i t i o n  f o r  t h e  model p r o p e l l e r  co r responds  

t o  b l a d e  p i t c h  a n g l e s  o f  58.5O and 55.7O, wh ich  have a s m a l l e r  d i f f e r e n c e  
between t h e  f o r e  and a f t  ro tor  t h a n  d i d  t h e  f l i g h t  a n g l e s  ( see  t a b l e  I ) .  T h i s  
d i f f e r e n c e  i n  b l a d e - s e t t i n g  a n g l e s  i n  t h e  i n s t a l l e d  p r o p e l  
r e s u l t  o f  i n s t a l l a t i o n  e f f e c t s  o n  t h e  e n g i n e  p r o p e l l e r  i n f  
a s i g n i f i c a n t l y  n o n a x i a l  i n f l o w  near  t h e - a i r c r a f t  f u s e l a g e  
t h e  s u p p o r t  p y l o n  c o u l d  r e s u l t  i n  l o c a l i z e d  l o a d i n g  o f  one 
spond ing  u n l o a d i n g  o f  t h e  o t h e r  b l a d e  row i n  t h a t  r e g i o n .  
f o r  t h e  obse rved  d i f f e r e n c e  i n  e n g i n e  p r o p e l l e r  b l a d e - s e t t  
ence 4 p r e s e n t s  model p r o p e l l e r  r e s u l t s  i n  wh ich  t h e  p y l o n  
a f f e c t e d  t h e  b l a d e  row t o r q u e  s p l i t .  

CONCLUDING REMARKS 

S i d e l i n e  a c o u s t i c  d a t a  were o b t a i n e d  a t  c r u i s e  f l i g h t  

e r  may be t h e  
ow. I n  p a r t i c u l a r ,  
and t h e  presence o f  
b l a d e  row and c o r r e -  
T h i s  m i g h t  accoun t  
ng a n g l e s .  R e f e r -  
i n s t a l  l a t i o n  e f f e c t s  

c o n d i t i o n s  for  a 
f u l l - s c a l e  c o u n t e r r o t a t i o n  p r o p e l l e r  eng ine  t h a t  was i n i t a l l e d  on  a Boe ing  727 
a i r c r a f t .  These d a t a  were o b t a i n e d  w i t h  t h e  a c o u s t i c a l l y  i n s t r u m e n t e d  NASA 
Lewis L e a r j e t ,  wh ich  was f l o w n  i n  f o r m a t i o n  a l o n g  a s i d e l i n e  r e l a t i v e  t o  t h e  
c o u n t e r r o t a t i o n  eng ine  on  t h e  727 a i r c r a f t .  A u n i q u e  s e t  o f  c r u i s e  c o n d i t i o n ,  
s i d e l i n e  n o i s e  d a t a  were o b t a i n e d .  The shape o f  t h e  s i d e l i n e  d i r e c t i v i t i e s  
suggests  t h a t  a c o u s t i c  r e f l e c t i o n s ,  p a r t i c u l a r l y  from t h e  727 a i r c r a f t ,  may be 
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affecting the data. 
engine, which had a significant difference in the fore and aft blade-setting 
angles. These angles, which are adjusted for an equal torque split between 
the two blade rows, were about equal in uninstalled model propeller tests at 
cruise conditions. The full-scale engine fundamental tone levels were in good 
general agreement with scaled-model propeller data from a wind tunnel test at 
similar flight speeds. However, the individual rotor-alone tone directivities 
for the engine tended to show the aft rotor tone peaking upstream of the for- 
ward rotor tone at partial power settings. This result contrasted with a 
number of model propeller studies in which the forward rotor-alone tones peaked 
upstream o f  the aft tones. 

Installation effects were also evidenced by the UDF 
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ORIGINAL PAGE 1% 
OF, POOR QUALITY 

FlGURE 1. - PHOTOGRAPH OF COUNTERROTATION TURBOPROP ENGINE INSTALLED ON 
BOEING 727 AIRCRAFT. 

FIGURE 2. - PHOTOGRAPH OF BOEING 727 AIRCRAFT WITH UDF ENGINE, TAKEN FROM LEARJET 
WHOSE WINGTIP IS IN FOREGROUND. 

10 



ORIGINAL PAGE IS 
OF POOR QUALITV 

FIGURE 3. - LEARJET WINGTIP MICROPHONE INSTALLATION. 

c - *.. C-82-7266 

FIGURE 4.  - LEARJET NOSE MICROPHONE INSTALLATION. 
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FIGURE 5 .  - WINGTIP MICROPHONE MOUNTING PLATE. 

UDF/B-727 

FIGURE 6.  - SCHENATIC OF LEARJET SIDELINE POSITIONING FOR ACOUSTIC DATA 
ACQUISITION. 
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200 

"AS PIEASURED" OBSERVED ANGLE, 9 0 ~ .  DEG 

FIGURE 7. - RELATIONSHIP BETWEEN OBSERVED AND EMISSION 
ANGLES. eE = BOB - sin-'(M0 sin ooB). 

6 

200 400 
u 
600 800 lo00 1200 

FREQUENCY, Hz 

FIGURE 8. - TYPICAL SOUND PRESSURE LEVEL SPECTRA. 
ALTITUDE. 6523 M (21 400 FT): 0.50 MACH. CONDITION 
3.1; TOTAL POWER DENSITY, 2.67; BLADE-SETTING 
ANGLES: FORE, 49.8'; AFT, 43.2'; SIDELINE ANGLE. 
90': LEARJET WINGTIP MICROPHONE; BANDWIDTH. 3 HZ. 
PROPELLER OPERATION AT EQUAL FORE AND AFT ROTATIONAL 
SPEED. BPF = TONE ORDER. 
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FIGURE 9. - TYPICAL SOUND PRESSURE LEVEL SPECTRA. ALTITUDE. 10 851 H 
(35 600 FT); 0.72 MACH: TOTAL POWER DENSITY, 3.05; BLADE-SETTING ANGLES: 
FORE, 59.2': AFT, 52.8': SIDELINE ANGLE. 87': LEARXT WINGTIP MICRO- 
PHONE; BANDWIDTH. 1.0 Hz. BPF = TONE ORDER: F = FORE: A = AFT. 
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FIGURE 10. - SIDELINE SOUND PRESSURE LEVEL DIRECTIVITY 
FOR UDF ENGINE AT 0.50 MACH. CONDITION 3.1; ALTITUDE, 
6523 H (21 400 FT): TOTAL POWER DENSITY. 2.67; BLADE- 
SETTING ANGLES: FORE. 49.8': AFT, 43.2': SIDELINE 
DISTANCE, 47.2 H (155 FT); BANDWIDTH. 16 HZ. BF'F = 
TONE ORDER. 
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(A) 16-HZ BANDWIDTH. (B) 1-HZ BANDWIDTH. 
FIGURE 12. - SIDELINE SOUND PRESSURE LEVEL DIRECTIVITY FOR UDF ENGINE AT 0.72 MACH. CONDITION 5.1: ALTITUDE, 
9815 H (32 200 FT); TOTAL POWER DENSITY. 2.99; BLADE-SETTING ANGLES: FORE, 59.0'; AFT, 53.3': SIDELINE DIS- 
TANCE, 47.2 H (155 FT).  BPF = TONE ORDER; F = FORE: A = AFT. 
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FIGURE 13. - SIDELINE SOUND PRESSURE LEVEL DIRECTIVITY FOR UDF ENGINE AT 0.72 MACH. CONDITION 5.8; ALTITUDE, 
10 851 H (35 600 FT): TOTAL POWER DENSITY, 3.05; BLADE-SETTING ANGLES: FORE, 59.2'; AFT, 52.8': SIDELINE DIS- 
TANCE. 47.2 H (155 FT).  BPF = TONE ORDER: F = FORE: A = AFT. 
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FIGURE 14. - SIDELINE SOUND PRESSURE LEVEL DIRECTIVITY FOR U E f  ENGINE AT 0 .72  MCH. CONDITION 5.9: ALTITUDE, 
9906 n (32  500 FT): TOTAL POWER DENSITY, 3.14: BLADE-SETTING ANGLES: FORE, 59.3'; AFT. 52.9'; SIDELINE DISTANCE, 
47.2 PI (155 FT).  BPF = TONE ORDER: F = FORE: A = AFT. 
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FIGURE 15. - SIDELINE SOUND PRESSURE LEVEL DIRECTIVITY FOR UDF ENGINE AT 0.72 MCH. CONDITION 5.1; ALTITUDE, 
10 688 n (35 OOO FT); TOTAL POWER DENSITY. 4.24: BLADE-SETTING ANGLES: FORE, 61.6': AFT, 54.0': SIDELINE DIS- 
TANCE, 47.2 H (155 FT).  BPF = TONE ORDER: F = FORE; A = AFT. 
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FIGURE 16. - MODEL PROPELLER TESTED I N  NASA LEWIS 8- BY 6-FOOT 
WIND TUNNEL. 
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FIGURE 17. - TEST APPARATUS SHOWING TRANSLATING ACOUSTIC PLATE. 

DATA 
SOURCE 

BLADE- TOTAL 
SETTING POWER 
ANGLES, DENSITY 

DEG 
FORE AFT 

0 58.5 57.7 4.212 } WIND TUNNEL 
O 61.6 54.0 4.24 
0 59.3 52.9 3.14 

A 59.0 53.3 2.99 I n 59.2 52.8 3.05 LEARJET 
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FIGURE 18. - COMPARISON OF SIDELINE TONE ORDER DI -  
RECTIVITIES FOR UDF ENGINE AND RODEL PROPELLER. 
MODEL DATA SCALED TO FLIGHT CONDITIONS. 0.72 MCH: 
SIDELINE DISTANCE. 47.2 M (155 FT): NOElINAL ALTITUDE, 
10 688 M (35 OOO FT): LEARJET WINGTIP RICRWHONE. 
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